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SUMMARY 

Surface  motion of  compliant walls i n  drag  reduction  experiments  has  been 

analyzed.  Critical  comparison is made between t h e  dynamic motion  of  the  structure 
and the   pos tu la ted  mechanism of  drag  reduction (ref. 1 ) .  The spectrum  of  surface 

motion  indicates  that  membranes over  deep  cavities  respond  at  low frequencies 

and large  wavelengths. The  membrane over a deep cavi ty  i s  therefore  found  not 

to   y ie ld   the   des i red   response   p red ic ted  by the   pos tu la ted  mechanism. The mem- 

brane  over a t h i n  a i r  gap is found t o  act as a wavelength  chopper,  and  analysis 

of  the  nonlinear  response  of  that   compliant  surface  indicates i t s  possible  

sui tabi l i ty   for   compliant   wal l   experiments .   Per iodic   s t ructures   are   found  to  

lock  in  the  desired  wavelengths  of  motion, and it is found t h a t  a t  l e a s t   i n  

Kramer's ( r e f .  2) i n i t i a l  experiments  they  could  have  produced  high  frequency 

surface  motions.   Laminated  structures  are  found  to  be  very  ineffective  as com- 

p l i a n t  models,  except when the re  i s  no bonding  between t h e  membrane and t h e  

backing. Computer programs  developed for   these   ana lyses   a re  documented i n   t h i s  

r epor t .  

INTRODUCTION 

The impetus  for  the  compliant wall drag  reduction  program a t  NASA-LangLey 

Research  Center came mainly  from t h e   f a c t   t h a t   r . e c h z t i o f i   i n   t u r . b u l a t   s k i n   f r i c t i o n  

d rag   r epor t ed   i n . the   l i t e r a tu re   ( r e f s .  2 t o  5) may be   t rans la ted   in to   po ten t ia l ly  

large  savings  in   energy  for  CTOL a i r c r a f t .  The group e f f o r t   a t  Langley was 

in i t ia ted   wi th   the   goa ls   o f :  
1. Understanding  the  conditions, i f  any, for  favorable  compliant  motions, 

2 .  Duplicating  previous  data  under  r igorously  controlled  test   conditions,  and 



3.  Designing  improved  experiments to   fur ther   understanding  of   the  compliant  

wall drag  reduction phenomenon. 

The present  work uncles NSG 12.36 emanated  from a d e s i r e   t o   e v a l u a t e   t h e   s t r u c -  

tural   response o f  compltant wal~ls in   successfu l  dra-g reduction  experiments. 

Cer ta in  commercial materials are i d e n t i f i e d   i n   t h i s   p a p e r   i n   o r d e r   t o   s p e c i f y  

adequately which materials were i n v e s t i g a t e d . i n   t h e   r e s e a r c h . . e f f o r t .   I n  no 
case.does  such  identification  imply recommendation o r  endorsement of  the  product 

by NASA, nor  does it imply- tha t   the   mater ia l s   a re   necessar i ly   the   on ly   ones   o r  

the   bes t   ones   ava i lab le  f o r  the  purpose. 

THE PROPOSED FLUID-STRUCTURE INTERACTION MODEL 

Bushnell  (ref. 1) has  proposed a compliant wall i n t e r a c t i o n  model by which 

a ful ly   turbulent   f low  over  a vibrating  compliant wall could  produce  reduced  skin 

f r i c t i o n  on t h e  wall. I n   t h e   p a s t  few years,  researchers  have  developed an under- 

standing  of some d e t a i l s  of the   s t reaky   f low  ad jacent   to  a r i g i d  wall. The pro- 

posed mechanism of  Bushnell   (ref.  1) suggests  that  the  induced  aerodynamic 

p r e s s u r e   f i e l d  due t o   t h e   s t r u c t u r a l  motion  could  impose a high  frequency  stab- 

i l i z i n g  modulation of the  "preburstI1  flow and thereby  reducing  the  ra te  of  pro- 

duction of turbulent   shear .  Numerical  experiments by Orszag  (ref.  6 )  and 
unpublished  data by Kendall and Collins  suggest  that  such a mechanism may w e l l  

be   val id .  

Based  on t h i s  model, t he   f avorab le   s t ruc tu ra l  motion  has a wavelength on 

the  order   of  A+ = 100, i n  wall u n i t s ,  [X = A+ v/ (q U ) ; where CF is t h e  

s k i n   f r i c t i o n   c o e f f i c i e n t ,  v i s  the  kinematic   viscosi ty ,  and U, is the  mean 

flow  velocity],  a wave speed = 0.3 U,, and  an  amplitude a w O ( 1  . O )  . For low 

speed a i r  exper iments ,   th i s   c r i te r ion   ind ica tes   tha t   the   d rag   reduct ion   e f fec t  

can  only  be  observed i n  compliant walls made o f  elastomers and careful ly   designed 

to   ob ta in   t he   des i r ed  wavemotions  under  given  flow  conditions.  Indeed, most 

of the  reported  "successful"  experiments were i n  compliant walls us ing   th in  

membranes. 

OD 

+ 

According t o   t h e  proposed  model, f o r  a flow  speed  of 21.3  m/sec (70 f t / s e c ) ,  
t h e   s t r u c t u r a l  motion  favorable  to a compliant  effect  has a Wavelength  of 
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1.68 mm (0.066 i n . ) ,  an amplitude of  16.76 LIIII (660  win.),  .and a frequency 

of  3700 Hz. 

THE EXPERIMENTAL PROGRAM AT LANGLEY RESEARCH CENTER 

The compliant wall experiments  conducted by the   F lu id  Mechanics  Branch, 

High  Speed Aircraft Division of  Langley  Research  Center  can  be  classified  into 

two categories   of  tes t  conditions:  (1)  Wind.tunne1  test  conducted  in a Low 

Turbulence Pressure Tunnel (LTPT) with  flow  speeds  of 64 m/sec  (210 f t / s ec )  

and higher.  The results  of  these  experiments  have  been  reported  (ref.   5).  

(2) Tests conducted i n  a 7 i n .  by 11 i n .  low speed  tunnel  where  flow  speeds 

can be  varied between 15 and 45 m/sec (50 t o  150 f t / s e c ) .  

Because  of t he   d i f f e rences   i n  tes t  condi t ions,  model geometries  are  scaled 

d i f fe ren t ly   for   these   exper iments .  So far, LTPT t e s t s  have  been made i n  lamin- 

a ted  s t ructures   only and t h e  7 i n .  by 11 in.   tunnel  tests have  been  done on a 

wide variety  of  models. 

Currently,  drag  measurements are made using a dixect  drag  balance,  and 

fac i l i t i es   for   moni tor ing   sur face   mot ions   dur ing  an ac tua l  run are ava i lab le .  

Thus, i n  some cases,   comparison  between  the  theoretical   data  presented  in  this 

repor t  and the  experimental  values  has  been  possible. 

OVERALL PERSPECTIVE OF THE STRUCTURAL ANALYSIS PROGRAM 

RELATED TO COMPLIANT WALL EXPERIMENTS 

Material  Requirements 

The Compliant  surfaces  used  for  testing  have  been  buil t  of  elastomers. 

The compliant wall materials  used  in  the  Langley  experiments  were  carefully 

t e s t ed   i n   t he   Ma te r i a l s   D iv i s ion   o f  Langley  Research  Center.  Materials  were 

t e s t e d   i n   f i l m  foam on a t e n s i l e   t e s t i n g  machine.  Typical  compliant materials 

used i n  the  experiments were PVC plastisol,   Alathon,  latex  rubber,   aluminized 

PVC, polyethylene  and  aluminized  mylar. A b r i e f  summary o f  ma te r i a l   t e s t ing  

i s  reported  elsewhere  (see Appendix  A). 

3 



St ruc tu ra l  Response  Analysis 

Previous  investigations of compliant  wall s t ructural  i n t e rac t ion   ( r e f s .  7, 
8, 9) have  been  based on speculation  that   the  compliance of t h e   s t r u c t u r e   a c t s  

as a s t ab i l i ze r   o f   t he   t r ans i t i ona l   i n s t ab i l i t y .   Ne i the r   t he   e f f ec t   o f   suppor t s  

nor   the  presence  of   nonl inear   effects   in   the  motion  received any a t t e n t i o n   i n  

these  works. I n  some l a t e r  works ( r e f .  10) the   v i scoe las t ic   nh ture   o f   the   mater ia l  

has   been  included  in   the  analysis .  However, t h e  problem  of  f luid-structural  

interact ion  has   largely  been  given  only  cursory  a t tent ion.  

The present work has  attempted  to remedy t h i s   s i t u a t i o n   i n  two d i rec t ions :  

1. Model l ing  of   the  actual   s t ructure   has  been  done ca re fu l ly ;  wherever 

numerical   simulations  are  appropriate  they  have  been  used. When semi-analytic 

methods are useful  we have employed these .   Ident i f ica t ion  of  the  various  loads 

ac t ing  on the   s t ruc ture   under   t es t   condi t ions  i s  another  major  problem  given 

a t t e n t i o n   i n   t h i s   r e p o r t .  

2 .  Inc lus ion   of   s t ruc tura l   nonl inear i t ies   o r   o ther   g ross  effects which 

can  affect  the  actual  motion  has  been made a f t e r  proper  evaluation ( f o r  

instance,  i f  the  loading is  moderately small, s t ruc tu ra l   non l inea r i ty  need not 

be  included when the  nonl inear  effects are  mainly  geometric). If acoust ic  

effects   are   important   these  effects   need  to   be  included  in   the  analysis .  If 

mean f low  effects  come in to   the   p ic ture   ( f lu t te r ,   d ivergence)   then   the   appro-  

pr ia te   loading  due t o   t h i s  needs t o  be  included. 

Because  of t he  wide variety  of  compliant  models, we r e s o r t e d   t o  a c l a s s i -  

f i c a t i o n  which covers   basical ly  most of  the  compliant  experiments  reported  in 

t h e   l i t e r a t u r e :  

1. Laminated s t ructures:   Usual ly  membranes bonded t o   s u b s t r a t e s  which 

a r e   r i g i d l y   f i x e d  a t  t h e  bottom. The membranes may be  under  tension; 

2 .  Memb*anes under  deep cavities: The cavities could   be   f lu id   f i l l ed ;  

3. Membranes under  narrow a i r  gaps;  and 

4.  Per iodic   s t ruc tures :  The pe r iod ic i ty  due t o   m u l t i p l i c i t y  of equally 

spaced  supports   usual ly   in   the  f low  direct ion.  

4 



STRUCTURAL  OSCILLATIONS I N  THE PRESENCE OF FLOW 

The response  of a s t ruc tu re   t o   l oad ing   i n   t he   p re sence  of a f l u i d  is q u i t e  

d i f f e r e n t  from i ts  i n  vacuo  response. The motion of the   s t ruc ture   in t roduces  

a d i s t u r b a n c e   f i e l d   i n   t h e   f l u i d  which i tself  is f e l t  by t h e   s t r u c t u r e .  Thus 

t h e r e   a r e  two d i s t i n c t  boundary  value  problems  that  need t o  be  solved: 

1. The boundary value  problem  of  the  structure o f  volume V, with  the 

given dynamic loads  external   to  i t  and  body forces:   only a par t   o f  i t s  t o t a l  

boundary sur face  S --say, S1 - - in te rac ts   wi th   the   f lu id .  

2. A boundary value problem f o r  a f lu id   reg ion  R in te rac t ing   wi th   the  

elastic body, t he   so lu t ion  of which has   the form 

where  p i s  t h e  hydrodynamic pressure a t  the   po in t  X on S1 and E is t h e  

displacement  of  the  points  of  the body on t h e  boundary. 

We thus  break up the   t o t a l   l oad ing   ac t ing  on the   s t ruc tu re   i n to   t h ree  

components: 

a. Pe, the   external   pressure  loading  act ing on the   s t ruc ture   caus ing  

t h e   i n i t i a l   o r   p r i m a r y  motion. 

b. P , the  induced  pressure  loading on the   s t ruc tu re  due t o  its i n t e r -  i 

act ion  with  the  pr imary  f luid.  

c.  P , t h e  back  pressure  or  the  induced  pressure from t h e  back s ide  of  b 

of   the   s t ruc ture .  

External  Force F i e l d  

For  compliant wall experiments  under  consideration  in  this  report ,   the 

external  pressure  loading Pe can  be  broken down in to   t h ree  components: 

1. A random convected  pressure  load due t o   t h e   t u r b u l e n t  boundary layer .  

(The pressure  pulses  travel a t  speeds  between 0.5 t o  0.8 times free stream 
veloci ty , )   Bul l  (ref. 11) has made measurements  of t he   spec t r a l   pa t t e rn   o f  

this   pressure  for   subsonic   f lows.  A t  lowest wave numbers, Bull 's  spectrum 

5 



does  not  drop  off,  and  we have.used  the  dropoff-suggested . .  by..Von Karman :and. 
Lin  [ref. 12) i.  e., E(k, t) = F(I, E ,k, t) where E is the  eddy  diffusivity, 
and I is  Loitsianskii's  integral. 

0 

Wherever  only  qualitative  trends  are  desired (e.g.,  expected  value of 
surface  amplitude,  power  spectral  response)  we  have  used  Bull's  spectrum  (with 
the  proper  modifications)  for  analysis. 

Recently,  we  have  developed a full  simulation of the  random  pressure  field 
using  Monte Carlo techniques  (ref. 13). In  some  analyses  using  numerical  simu- 
lation  for  structural  response  (specifically  membxanes  under  thin  air  gaps, 
laminated  structures  using  NASTRAN),  we  have  used  the  simulated  pressure  field. 
In  figures 1 and 2 we  display  the  modified  wall  pressure  spectrum  and  the  simu- 
lated  wall  pressure  history  at  points  for a low  speed  turbulent  boundary  layer. 

2. Static  pressure  differentials.  In some wind  tunnels  there  will  be a 
difference  between  the  static  pressure  of  the  fluid  and  the  ambient  pressure, 
which  will  be a function  of  the  flow  speed. A knowledge  of  this  deviation  is 
essential  since  it  can  cause  primary  surface  deformations. 

3. Pressure  gradients.  The  presence of a static  pressure  gradient  in  the 
tunnel  affects  the  theoretical  predictions  in  two  ways.  In  all of the  analyses 
presented  here, a tacit  assumption  is  made  that  the  mean  flow  is  parallel  shear 
flow.  The  nonparallel  effect  due  to  gradients  requires a nonparallel  stability 
model  for  the  proposed  model  (ref. 1). Furthermore,  the  induced  pressure  force 
evaluation  also  suffers  from  lack of consideration of the  nonparallelness. 
Hence,  if  pressure  gradients  are  present  in a given  experiment,  we  shall  ignore 
that  experiment  altogether. 

Induced  Pressure  Field Pi 

The  motion of the  structure  introduces a perturbation  pressure  field  into 
the  flow  and  hence  on  itself.  Sophisticated  fluid  theories  can  be  developed  to 
evaluate  the  boundary  value  problem of a flow  of  infinite  extent--one  boundary 
of  which  changes  with  time.  Since  many of the  experiments  were  conducted  in 
the  predivergence  regime  we  have  accepted a lower  order  theory,  viz.  piston 
theory  (potential  flow  model),  for  developing  the  expression  for  induced 
pressure on the  structure. 

6 
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Figure 1. Modified  pressure  spectrum  for  subsonic flows 
used  for   analysis .  
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Figure 2. Simulated wall pressure history using Monte Carlo technique (ref. 13). 



The  inclusion  of  the  induced  pressure  field  is  unwarranted  in  some cases. 

These  are  cases  where  the  divergence  speed  of  the  model  is  far  above  the  opera- 
ting  speed. An analysis  which  neglected  these  forces  would  still  yield  accurate 
results  for  structural  response  in  these  cases. As we  proceed  in  these  analy- 
ses  we  shall  indicate  the  inclusion (or otherwise) for different  experiments 
justifying  our  reasons  for  same. 

Back  Pressure  Pb 

Some of the  models  tested  contained  fluid  filled  cavities  beneath  them.  We 
shall  develop  theoretical  expressions  for  evaluating  these  in  the  next  sections. 

ANALYSIS  OF  A  MEMBRANE  OVER A DEEP  CAVITY  WITH  EXTERNAL 
FLOW  OVER  THE  MEMBRANE 

We consider  (fig. 3) a  membrane  of  flexural  rigidity D, tension Ty 
simply  supported on ends  x = 0, x = a,  and  y = 0 and y = b, and of  thickness 
h and  density 5 .  

I pb 
'b I 1  

Figure 3.  Membrane  over  a  deep  cavity. 
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The  dynamic  equation  of  motion  for  this  membrane  is  given  by 

a2w - aw p DV2V2w - TV2w = P e + P i b  + P 
at2 

oh---+ C at - (21 

In  equation  (2).we  have  neglected  effects of midplane  stretching.  When  non- 
linear  (stretching)  effects  need  to  be  taken  into  consideration,  we  use the 
following  equations: , 

and 

and 

10 



Linear Model 

We s h a l l  assume t h a t   t h e   s u r f a c e  motion i s  made of normal modes in   space  

and has   the form 

c o c o  

w = wmn(t) s i n  a mrx s i n  - nTY 
b m n  

Furthermore, we assume t h a t  a harmonic  dependence  on  time e x i s t s ,   i . e . ,  

(7) 

For t h e   l i n e a r  problem a t  hand,  equation (8) i s  a j u s t i f i a b l e  assumption 

as long as Pe can  be  broken down i n t o  i ts  harmonic  components, i. e. , 

iw . t  
pe =x P e 3 

j 

Evaluation  of  the Back Pressure 

Under the  assumption  that   the   f luid  motion  in   the  cavi ty  is a perturbed 

s t a t e   o f  motion  and i s  i r r o t a t i o n a l ,  we define  expansions  for  the  velocity 

po ten t i a l  and the  e levat ion  of   the  surface S 1  as 

+ ( k )   s a t i s f i e s   t h e  wave equation 

I 

where c is  the  speed  of sound i n   t h e  medium. 

11 
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The  boundary  conditions  are,  at 0, i.e.,  on SI 

['I = z - W(X,Y,t)l 

- d t - O = -  dn = a w + N a w + * a w - *  
at ax  ax  ay  ay  az 

and  at  z = H 

? L o  , 
an i.e., 2 = o az  

Applying  the  expansion,  equation (9) into  equation (11): 

yielding 

Z ('1 = constant = o , 

""=?&I 
at z=o 

Let us now  assume  that  the  solution of equation  (10)  with  the  boundary  condi- 
tions  [eqs.  (11)  and  (12)]  has  the  form 

r j  = a(z)  amn(t) sin - mrx s i n  - nlTY 
a b 

12 



1 -  

Thus 

with a '  (0) = i w  

a '  (-H) = 0 

Put t ing 

the   so lu t ion   fo r  I$ i s  given by 

4 = i w  1 a ( t )   s i n  % s i n  - nrY 
'mn s inh ( Xm,H) mn a b 

In  order   to   evaluate   the  back  pressure,  Pb, we apply  Bernoulli 's   equation 

a t  z = 0, 

-P 

'b 
gw + = b a t  

or 

Evaluation  of  the  Induced  Pressure Due to   the  Pr imary Flow 

For t h e   v e l o c i t y   p o t e n t i a l  we can  write  the  governing  equation as 

n 

13 



From  momentum  balance  in z direction  for  the  perturbed  Eulerian  flow 

P = -P[& + uoo 

The  boundary  conditions  on 4 are 

%I m = o  1 

using  equation  (20)  we  rewrite  equations (19) and  (21)  as 

with 

Solution  for pi 

Once  again  we  use  for  w  the  form  given  by  equations (7 )  and ( 8 ) .  Because 
of the  nature of the  boundary  conditions  [eqs.  (23)  and  (24)]  and  the  governing 
equation (22) itself,  we  can  seek  the  solution  p  at  the  wall z = 0 for a 
mode  umn  (call  it  p ) and  using  superposition  obtain mn 

Pi = Pmn 
m n  

We  shall  therefore  consider  the  expression  for  w  as 

w = a  e iwt  mrx sin - sin - nrY 
mn  a b 

14 



and rewrite 

and we write 

where 

i ( k )  [x cos 8 + y s i n  8 + c l t ]  
W = e  j j 
j 

, j = 1 , 2 , 3 , 4  

and €).Is are such  that  
3 

e l  = -e  

e 2 = n - e  

e3  = e 
e 4 = 7 r + e  I 

where 

and 

e = Min c0s-l - [ [.';e,]] 
l k l  = ',, m.rr 

'mn = 4- 
w 

= l = "  " 
wa 

l k l  mnBmn 

(33) 

(34) 

15 



In   order   to   evaluate   the  induced  pressure a t  t h e  wall we compute the   p re s su re  

due t o  w i' 
The so lu t ion  of equation (2) with  equations (23) and (24) for an  input 

wall func t ion  w i s  given by 

4 - 1 k l p . z  i l k 1  [x cos 8 + y s i n  0 - c l t ]  
P(z,x,y,t)  =x a? e J e  j j (35) 

m n j = l  

where 

I n 

with a1 =1, a2 = 1, a3 = -1, and a4 = -1. The wall induced  pressure is, 
therefore ,   g iven by 

4 m n  ilk1  [x  cos 8 + y s i n  8 + clt] 
p i = ~ x ~  a j  e j j 

m n j = 1  

Evaluation of  the  Divergence  Speeds  for  Subsonic 
Flows Where M << 1 

We sha l l   i nves t iga t e   t he   na tu re   o f   t he   i nduced   p re s su re  Pi f o r  sub- 

sonic  flows  with M << 1: 

1. For w = 0 ( fo r  m = 1, n = 1) we obta in  

i M2 p = a x pa c2 lk l  s i n  - mnx s i n  - nnY 
mn I a b (39)  

h - M2 
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2.  For  nonzero w 

p i  = i i 
'real + 'imaginary . 

The imaginary term acts as a severe damping term. 

The cr i t ical   speed  can  therefore   be  def ined as the  speed a t  which t h e  

membrane goes  into  zero  frequency  f lutter.   Since  frequency is zero,   the 

lowest cr i t ical  speed   for   the   s t ruc ture   occurs  when the  induced  pressure p 

i s  e q u a l   t o   t h e   s t i f f n e s s  of t he   s t ruc tu re .  Thus, 

i 

For a given  ra t io   of  (:) t h e   f l u t t e r  boundary ( i .   e .  , c r i t i c a l  speed)  can 

be  found  from  equation (40) .  

Nonlinear  Effects 

The l i n e a r  model i s  onIy  capable  of  specifying  the  divergence  speed.  In 

an  actual  experiment  one would see  membrane divergence and small  frequency 
f l u t t e r  a round  the   c r i t i ca l   speed .   This  i s  because  the  nonlinear  effects 

have  not  been  included  in  developing  equation (38) ;  a l so ,   t he   c r i t i ca l   speed  

w i l l  be   s l igh t ly   h igher   than   tha t   p red ic ted  by equation (38)  s ince   t he   e f f ec t  

of   nonl inear i ty  i s  t o   i n c r e a s e   t h e   s t i f f n e s s .   I n   o r d e r   t o   o b t a i n  a va l id  

analysis   one  has   to:  

1. Assume t h a t  a are  slowly  varying  functions  of time, and  conduct mn 
an  analysis   using  Kelvin 's   s ta t ionary  phase method to   ob ta in   c losed  form 

so lu t ions ;  or 

2 .  Develop  numerical  analytic  solutions  from ' p  based on Fourier 

transform  techniques  (see ref.  14). 

17 
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STRUCTURAL  ANALYSIS FOR LAMINATED STRUCTURES 

In  many compliant  experiments  reported i n   t h e   l i t e r a t u r e  (refs. 4 and 5 ) ,  

the  compliant model consisted  of a very   th in  membrane (thickness - 25 pm 

bonded t o  a s o f t  foam (E - 1.4 X IO6 N/m2) o f  thickness .6 . t o  12 mm. The 

analysis   of   the   l l laminated ' l   s t ructure  i s  performed  using  proper  structural  

modelling.  In  the  following we present  different  approaches  in  modelling 

t h e   s t r u c t u r e  and the i r   bas i c   mer i t s .  

Approximate Analytical  Model 

Consider  (f ig.  4) a membrane (a x b x h)  with  properties ( P  m' Em' V*) 

under  uniform  tension T which is bonded t o  a subs t r a t e   ( a  x b x H) of  prop- 

e r t i e s  (Ps, Es, vs).  We assume tha t   t he   subs t r a t e   can   be  modelled as a semi- 

inf ini te   foundat ion  undergoing  plain  s t ra in   deformations  to   external   loading 

p (x ,y , t ) .  The end ef fec ts   near   the   edges   a re   thus   neglec ted .  The e f f e c t i v e  

foundat ion  propert ies   are  

V 

vf - 
S - 

1 - v  2 
S 

O f  the   load   p(x ,y , t )   ac t ing  on t h e  membrane we assume t h a t  a po r t ion   q (x ,y , t )  

i s  t ransmi t ted   to   the   foundat ion .  The deformation s ta te  of  the  foundation i s  

the re fo re  assumed as 

where  W(x,y,t) is the  deformation  of  the  midplane  of  the membrane. 

The funct ion  $(z)  i s  such  that  

$(O)  = 1.0  

$(H) = 0.0 I 
18 
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Figure 4 .  Laminated s t ructure .  



The functional  form  chosen  for $ is 

sinh u(H - y) 
'(') = sinh uH (441 

where u is  a  foundation  constant.  The  stress  components  of  the  foundation 

are 

u =  
Z 1 - v  f 

Applying  the  principle  of  virtual  work,  the  equation of  motion of the  substrate 
under  the  given  loading  q(x,y,t)  is  obtained  as 

Equation (46) can  be  written as 

q(x,y,t) = m* e + k*W - T*V2W 
at2 
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I -  

where 

H 
m* = p f l  $2dz 

k* = Ef 2 J," [$'I2 dz 
(1 - V f 1  

The equation  of  motion  of  the membrane can now be  developed as 

pmh + DV4W - TV2W = p(x ,y , t )  - q(x ,y , t )  
a t 2  

where 

E h3 m D = f l e x u r a l   r i g i d i t y  = 
12(1 - v i )  

(49) 

or,   using  equation (48) ,  

(pmh + m*) fi + DV4W - (T + T*)V2W + k*W = P(x,y,t)  (51) 
a t2 

The eigenvalues  of  the  structure  can  be  determined from equation  (51) as 

. ~. ". - 

[[(Tr + (?)'I + (T + T*)[ (y)2 + (yr ] + k* 
w =  mn 

~ ~~ 

(Pmh + m*> 
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One of the  chief  merits of an analysis  such  as  the  one  above is its  simplicity. 
However,  the  fidelity of the  solution so developed  depends  strongly on  the 
correct  choice of the  foundation  parameter u. 

Models  BaSed'.'on  Simulat.ion  Techniques 

An implicit  assumption  in  the  preceding  section  was  the  one-dimensional 
(depthwise)  variation of all  deformations.  The  foundation  thus  acts  basically 
as a  series of vertical  springs  supporting  the  membrane.  The  finite  nature 
of  the  structure  makes  the  approximation  carried  out  in  that  section  rather 
inaccurate.  A  proper  approach  to  modelling  would be using  a  numerical 
technique,  viz.  finite  elements. 

Using  NASTRAN  (acronym  for " NASA  Structural - Analysis  Program)  we  per- 
formed  simulation  studies on the  laminated  structure.  The  basic  models 
are  briefly  described  below. 

Two-dimensional  model.  The  structure  is  assumed  to  be  two-dimensional 
(X-Z) in the  direction of the  flow  (fig.  Sa). The membrane  is  modelled  as 
bar  elements  (CBAR)  with  only  flexural  properties.  The  substrate  is  assumed 
to  develop  only  shear  deformations  due  to  the  external  loading;  hence,  quad- 
rilateral  membrane  elements  (CQDMEM)  are  used  to  model  that.  OFFSET  cards 
are  used  to  account  for  the  offset of a  node of the  membrane  element of the 
substrate  from  the  node of the  bar  element  at  the  interface. 

Plate-spring  model. A static  three-dimensional  analysis  is  made  for  an 
elastic  slab  (substrate)  using  three-dimensional  isoparametric  elements 
(CIHEX3)  (see  fig.  5b).  From  the  static  analysis  the  equivalent  spring 
stiffnesses of the  foundation  are  obtained.  The  membrane is modelled  as 
a  plate  with  membrane  action  (CQUADl).  For  a  given  loading  the  structure 
(CQUADI-CELAS)  is  analyzed  using  NASTRAN.  The  inertia  effects  of  the sub- 
strate  are  lumped  to  grid  points  using  CONM2  cards. 

Fully  three-dimensional  model.  The  substrate  is  made  up of three- 
dimensional  isoparametric  elements  (NASTRAN  level  15-9)  CHEXA2,  and  the 
membrane  is  modelled  by  CQUAD1. The offset  between  the  plate  grid  points 
and  the  surface  grid  point  of  the  three-dimensional  elements  is  neglected. 
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Figure 5. Quadrilateral  plate element and isoparametric element 
with 32 grid points. 
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MEMBRANES UNDER NARROW A I R  GAPS 

One of   the  major   considerat ions  indeveloping  compliant  models f o r  tests 
i n   t h e  new 7 x 11 wind tunnel   has   been  the  abi l i ty  of the   sur faces   to   undergo  

small wavelength  motions. Such motions are ' 'favorable"  for  drag  reduction 

accord ing   to   the   c r i te r ion   of   the   Bushnel l  mechanism ( r e f .  1). In   o rde r   t o  

fac i l i t a te  small wavelength  motions, a membrane under  narrow a narrow a i r  gap 

was t e s t ed  a t  t h e  Langley 7 x 11 tunnel.  A drag  reduction  of  about 10 per- 

cent was o b t a i n e d   i n   t h i s   t e s t .  The compliant model i s  shown i n   f i g u r e  6a. 

In   f igure  6b we i n d i c a t e   t h e  development  of  small  wavelengths  due t o  chopping 

a t  t h e  bottom.  In  the  absence  of  the  narrow a i r  gap t h e   d e f l e c t e d   p r o f i l e  

would have  been as ind ica t ed   i n   f i gu re   6c .  

The governing  equation  of  motion  for a membrane under a narrow air  gap is  

ph fi + DV2V2w - TV2w = P(x,y,t)  
a t 2  

with 

- (x ,y , t )  = 0 t l  t < t2 a w  
a t  

where 

and 

t 2  = t l  + E 

where E i s  a very  short   durat ion  of   t ime whose value  can  be  obtained 

through  analysis  of a dynamic H e r t z  contact  problem. 

The motion  of  the membrane under  these  conditions i s  highly  nonlinear.  

Hence no c lose  form so lu t ions  are poss ib le .  A f i n i t e   d i f f e r e n c e   s o l u t i o n  
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MEMBRANE (a x b x h, E , p , v )  

/ GAP 

/ 
DEFLECTED 

SHAPE 

(b) Development of small wavelengths 

(c) Deflected  profile in a i r  (for an 
unrestrained membrane) 

Figure 6. Membrane  over narrow air gap. 
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for  equation (53) is  possible,  and an algorithm  with  leapfrog  differencing 
in time  and  center  differencing, in  space  was  used  to  solve  equation (53). 
The C-F-L limitation  imposes 

- Ax 
At 1. 'sh (55) 

For analysis,  the  bending  rigidity  of  the  membrane  is  neglected. An appro- 
priate  choice  for At has  been  made  as 

\ 

At = - Ax 
"sh 

where 

'sh = 6 I 
For analysis  Ax  was  chosen  equal  to  Ay  (uniform  mesh  spacing),  and  the  value of 
Ax  was  chosen to obtain resolutbn of the  sma1lest.wavelength  possible.  The  numeri- 
cal  model  consisted of a 0 . 2 5  m X 0;25 m . f l O  in. x 10 in.)  membrane  with  an  air  gap 
thickness, 6 = 2.54  pm (lom4 in.). The smallest  wavelength  we  wanted  to  capture  was 
of length A = 50 mm (2  in.). Thus,  the  mesh  spacing  was  set  at  Ax = 5 mm ( 0 . 2  in.). 

A one-dimensional  analysis  of  the  same  problem  is  possible  with  greater 
resolution  of  wavelengths.  Here  one  would  assume  variations  in  the  y  direc- 
tion  to  be  unimportant.  However,  the  one-dimensional  analysis  can  only  show 
trends,  since  the  nonlinear  nature of the  problem  prohibits  comparisons 
between  the  one-dimensional  analogue  of  equations (53) and ( 5 4 ) ,  and  the 
two-dimensional  problem. 

The  conclusions  to  be  drawn  from  extensive  simulation  studies  conducted 
are  that  (1)  the  model  equations (53) and (54) have  unique  solutions  (con- 
vergence  with  reduction of step  size)  and (2)  the  solution  for  dynamic 
response  exhibits  small  wavelength,  high  frequency  motions  compared  to  a 
pure  membrane. 
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PERIODICALLY  SUPPORTED  STRUCTURES 

Compliant  drag  reduction  has  been  reported in the  literature  for  period- 
ically  supported  structures  (ref. 2). The length  of  the  bays  for  these  com- 
pliant  surfaces  corresponds  to  the  wavelengths  predicted  by  the  Bushnell 
mechanism.  We  develop  below  an  analytic  method of solution  for  periodic 
structures  based on the  work of Mead  and  Pujara  (ref.  15). 

The  theory  developed  here  is  basically  a  linear  small  deflection  theory 
with  the  requirement  from  consideration  that  the  midplane  strains  are  negli- 
gible,  i.e., - << 1.  We  will  therefore  discard  solutions  which  give  ampli- 
tudes  w N O(h) or  greater. The above  requirement  is  essential,  as  the  ratio 
of the  linear  restoring  force  versus  the  nonlinear  stretching  force  needs 
to  be  very  large,  i.e., 

W 
h 

w x  Eh (F)4 >> w3 Eh(F) 4 

12(1 - v2) 

or (57) 

"<1 W2 . 
h2 

We  also  assume  a  priori  that  the  structure is one-dimensional,  i.e.,  crossflow 
directional  variations  are  neglected  (a/b << 1) .  

Figure  7a  shows  a  periodically  supported  beam,  over  which  is  a  flow  with 
speed  Urn.  Figure  7b  shows  an  equivalent  representation  for  flexibility  at 
the  supports  and  sitting on  an  elastic  foundation  (stiffnes = kf). If  the 
foundation  is  viscoelastic  the  representation  for  the  foundation  is  made 
k; = kf(l + i rl ) where nf is  a  typical  llloss  factor"  for  the  foundation 
and kk is  the  complex  stiffness  of  the  foundation. 

f 

We  shall  develop  the  theory of response of the  structure  for  two  cases: 

2. The  case  with  the  foundation. 
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(a) Periodically  supported  beam 

A A 

Figure 7. Equivalent representation for a beam on 
elastic foundation. 
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Case 1. To develop  expressions  for  this  case one  has to   eva lua te   t he  

r eac t ion   o f   t he   cav i ty  Pb on the  bay  under  consideration. The approach 

i s  very similar to   eva lua t ion  of the  induced  pressure pi ac t ing  on t h e  
s i d e  where the re  i s  flow  and  hence will not  be  dwelled upon i n   d e t a i l   h e r e .  

Also,  one  has t o  set the  foundat ion  react ion (kf = 0) .to  zero. 

Case 2 .  Consider  an  external  force  f ield 

X - i p  - 
pe = p0 e R e i w t  

We seek   harmonic   so lu t ions   to   the   exc i ta t ion .  The transverse  displacement 

can  be  written as 

OD -i(p+2nIr)- X 

W(X) = A~ e R e i w t  
n= -m 

We s h a l l  assume t h a t   t h e   f l e x u r a l   r i g i d i t y   o f   t h e  beam is Dl 

(60) 
= D(l + 

where n is t h e  l o s s  f a c t o r   f o r   t h e  beam and D = 
Eh . The equation 

1 2 ( 1  - v2) 
of  motion  of  the beam under  consideration of  exc i t a t ion  is 

a 4 w  a 2w + k; w = Pe(x,t)  + Pi(x,t) + R 1  6(x) 

ax4 a t 2  
D' - + pbh - + R2 6(x - a)  

where R1 and R 2  a re   the   reac t ions   o f   the   suppor ts  and Pi is t h e  induced 

pressure .  The induced  pressure  can  be  evaluated as was done in   previous 

s ec t ions as 

where p 1  is the   dens i ty   o f   t he   f l u id  medium, 

29 



and lar  equals   the  speed  of   sound. in   the medium, 

'n - ' 0  
- + 2na 

In   o rde r   t o   ob ta in   so lu t ion  of equation  (61)  for  given  loading  [equation 
X 

. .  i(pm a - u t )  
(SS)], w e  eva lua te   t he   v i r tua l  work done by vir tual   d isplacement  6Am e 

and  equate  the sum of a l l  v i r t u a l  work to   zero .  Because o f   t h e   p e r i o d i c i t y  

of t h e   b a y s   t h e   t o t a l   v i r t u a l  work done  by the  supports  t o  be  included i n  a 

s i n g l e  bay is j u s t  due t o   t h a t  of  one of   the   suppor ts .  

The v i r t u a l  work done  by the  support  a t  x = 0 is 

The v i r t u a l  work done by the   o the r   r eac t ive   fo rces  can  be  obtained by multi- 

plying  equation  (61) by the  vir tual   d isplacement  and in tegra t ing   over   the  

i n t e r v a l  0 t o  2.  Fina l ly ,  we i n d i c a t e   t h e  set o f  simultaneous  equations 

obtained by s e t t i n g   t h e  sum of a l l  v i r t u a l  work t o  zero as 

- 
- Po when m = 0 
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The simultaneous set of  equation (66) can  be  solved  f inal ly   to   obtain 

Ai. In   pract ice ,   only a few of  these Ai ' s  have t o  be  evaluated.  Taking 
n t o  be  between -6 t o  +6 is suf f ic ien t   to   ob ta in   the   des i red   accuracy .  

Usual ly   the  rotat ional   r igidi ty   of   the   supports  i s  zero  (simply  supported, 

i . e . ,  Kr = 0) we indicate  here  the  approach which is s imple  to   solve 

equation (66) for t h i s   ca se .  

We rewrite equation (66) as 

K' 
Am'm +-xA R n = P  0 

= o  
m Z  m = O  I/ 

where 

From the  case m = 0 we obtain 

Then 

-k'K '0 K'k A = - - -  
O ' 0   ' 0  

f o r   t h e  case where 5 -+ equation (69) y i e l d s   i n - t h e  limit 
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The  evaluation  of  Ai  leads  to  the  knowledge of w(x) for a given  harmonic 
excitation. 

In  order  to  obtain  the  solution  for a wide  band  excitation  one  must  carry 
out a Fourier  analysis of the  exciting  field  and sum up,  using  the  principle 
of superposition,  the  harmonic  responses  given  by  equation (59). The  wide 
band  response  can  then  be  analyzed  to  obtain  power  spectral  data  of  expected 
response.  The  mean  square  response  is  defined  as 

E[ww*] = E(P(w)P*(w)] H ( j w ) H * ( j w )  

where H ( j w )  is  the  frequency  response  function  and E(  P(w)P* ( w ) )  is  the 
power  spectrum  of  the  turbulent  pressure  field. 

NUMERICAL  RESULTS 

In  the  preceding  sections  we  have  developed  appropriate  techniques  for 
analysis of a generic of compliant  structures.  Using  these  analyses  we 
examine  in  this  section  the  nature  of  structural  response  under  reported 
experimental  conditions. 

Laminated  Structures 

The  compliant  model  tested  in  the  LTPT  tunnel  at  Langley  consisted  of a 

1.3 x 0.46 m2 (51  in. x 18  in;).  model  surface. The  compliant  surface  was  made 
of 25 ~ r n  (1  mil)  mylar  [Young's  modulus - 3.8 x lo-* kg/m2 (5 x lo5 psi), v = 0.31 
with a backing  substrate  which  is a soft  foam (80 PPI  polyurethane  foam, 
E = 160000 kg/m2  (200  psi) of thickness  6.25 mm (0.25  in.). In  table 1 we  report 
the  eigenvalues  (natural  frequency of vibration)  obtained  using  different  models 
discussed  in  the  Structural  Analysis  for  Laminated  Structures  section.  These 
eigenvalues  are  arranged  in  ascending  order.  Those  eigenvalues  listed  in  the 
last  column  under  "Membrane"  represent  the  natural  frequency of the  membrane  (in 
vacuo)  if  the  substrate  were  absent.  Figure 8 presents  the  frequency  response 
of  the  laminated  structure  and  indicates  that  the  amplitudes  are  small;  the 
turbulent  pressure  excites  the  structure  into a wide  band  response  with  most 
of the  power  included  in  the  frequency  range  below  its  lowest  natural  frequency. 
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Table 1.  Natural  frequencies of a laminated  structure.* 

I Eigenvalues 

"_ . 

Using  NASTRAN 
Models 

-~ 

484.6 Hz 

485.0 

485.7 

486.6 

486.6 

487.7 

488.9 

490.4 

490.5 

492.0 

Using E q .  (52) 

535.2 

536.0 

537.6 

539.5 

541.8 

541.8 

542.6 

'543.9 

544.6 

544.9 

Membrane 
In  Vacuo 

125.6 

145 .O 

172.5 

204.9 

240.2 

240.5 

251.2 

268.0 

277.4 

290.0 

* The  membrane  is 25-4 vm (1 mil).my.lar,  substrate  6.25 mm (0.25 in.)  thick, 
80  PPI  PU foam [E = 1600 .kg/m2 (2.2  psi), v = 0.11. The  model  is  1.3 m 
x 0.46 m ( 51  in. X 18  in.)  and  with a tension on the  membrane of 40 kg/m 
(2  lbs/in.). 

** The  foundation  parameter u. is chosen to be  2.0 
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Figure 8. Frequency response of a laminated structure. 



We conclude  that   laminated  structures do not show any  promise as "passive" 

compliant  surfaces on the  basis   of   the   Bushnel l  mechanism. 

Membranes Under Narrow A i r  Gap 

As  was i n d i c a t e d   i n   t h e  Membranes Under Narrow A i r  Gaps sec t ion  above, 

t he   ana lys i s   o f   t he  membrane over a narrow a i r  gap only   p resents   qua l i ta t ive  

information  regarding  the  nature  of  the  motion.  Using  the  simulation program 

f o r   p r e s s u r e   ( r e f .  13) we have  developed  solutions  for a 0.25 m x 0.25 m 
compliant model with 25 pm mylar  over  2.5 um a i r  gap  and a flow  of 
15 m/sec.  Such  flow condi t ions   typ ica l ly   occur   in   the  7 in .  x 11 in.   tunnel  

a t  Langley. The boundary layer   thickness  was approximately 1 2  mm. The 

p res su re   h i s to ry  and  displacement  for  the  midpoint  of  the  surface is 

ind ica t ed   i n   f i gu re  9 f o r  a durat ion  of  time. 

F igure   10   ind ica tes   the   in f luence   o f   spa t ia l   d i scre t iza t ion  on the  solu-  

t ion  obtained.  Figure 11 presents  an  analysis  of  the  frequency  response  of 

the  motion, I t  i s  shown t h a t   t h e  narrow a i r  gap-membrane configuration 

yields  high  frequency  motion. 

Membranes Under Large  Cavities 

In some reported  experiments  (ref. 3) membranes o v e r   f l u i d - f i l l e d   c a v i t i e s  

have shown drag  reduction.  In  order  to  understand  the  nature  of  the  surface 

motion we examined a recent  compliant wall experiment:  the membrane i s  25 pm 

thick  mylar and the   cav i ty  is 6 mm deep and f i l l e d   w i t h  air. The test  
speed i s  15  m/sec. The mean square  response  with  frequency is  indica ted  

i n   f i g u r e  1 2 .  I t  is shown t h a t   t h e  motion i s  purely low frequency,  large 

wavelength.  Therefore, we do not   be l ieve   tha t  membranes over  large a i r  gaps 

are  promising  candidates  for  compliant  experiments. 

Figure  13  indicates  the  response  of a membrane with a wa te r - f i l l ed  

cavi ty .  Again the  presence  of  the  cavity  shifts   the  response  curve  towards 

t h e  low frequency end of  the  spectrum. 
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Figure 9. The pressure  history and resulting  surface  motion 
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Figure 11. Membrane over  narrow air gap--frequency response curve. 
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Figure 12 .  Membrane over  large a i r  gap--frequency  response  curve. 
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Per iodic   S t ruc tures  

The or iginal   report ing  of   compliant   drag  reduct ion (ref. 2) was f o r  a 

pe r iod ic   s t ruc tu re  made of a rubber  diaphragm (2  mm thick)   supported on 

per iodic   s tubs  of   rubber   with water f i l l i n g  between the   s tubs .  The height 

of t he   s tubs  was 1 mm and the  width 0.5 mm. Using t h e  above da ta  we 
examined the  surface  response  to   turbulent   f low (medium is water) a t  a speed 

of lSm/sec corresponding t o   t h e  experiment o f  Kramer. Figure 14 i nd ica t e s  

the  surface  response.  We determined  that   the   per iodic  Kramer sur face  was a 

high  frequency  passive  surface and could  have  been a drag-reducing  surface 

sat isfying  the  condi t ions  of   Bushnel l   cr i ter ion.   In   nondimensional   uni ts  

ou r   ana lys i s   i nd ica t e s   fo r   t he  Kramer sur face  a X +  = 800, h' = 100, and 

c = 0 .7  Urn. The analysis   includes a nominal value  of damping f o r   t h e  

s t r u c t u r e .  We expect,  however, t h a t   t h e   a c t u a l  damping i n   t h e   s t r u c t u r e  

may limit the   ampl i tude   to  h - 20 o r  30 in   the  experiment .  Such an  exci- 

t a t i o n  is capable of reducing  the rate of  burst   production and  hence  could 

have  been  responsible  for  the  observed  drag  reduction. 

+ 

Most a t t e n p t s  toward  reproducing  the  results  of Kramer over  the  years 

have  been  unsuccessful. One of   the  chief   reasons  for   this   has   been  the 

b e l i e f   t h a t  Kramer's  experiment  delays  transition;  hence,  subsequent  experi- 

ments a t  var ious   l abora tor ies  were  conducted as t ransi t ion  experiments .   In  

a few cases  the  f low had  been  accidental ly   t r ipped  to   turbulence,  and t h e r e  

have  been repor t s   tha t   d rag   reduct ion  was indeed  observed for   these   cases .  

However, the  majority  of  data  points showed no favorable  drag  changes  (ref. 

16) .  We a l s o  emphasize tha t   p rope r   a t t en t ion  was not   g iven   to   the   s t ruc tura l  

motions  required.  Consequently,  the  geometries  tested  were  not  facsimiles 

o r   s c a l e  models  of t h e  Kramer surface.   There i s ,  therefore ,  a need f o r   r e -  

examinkg Kramer's surface  for   possible   drag  reduct ion.  

PASSIVE  WALLS FOR 7 I N .  x 11 I N .  TUNNEL 

The 7 i n .  x 11 in.   tunnel  a t  Langley  has a speed  range  of  15 t o  45 
m / s e c .  The flow i s  tripped  about 0.3 m from t h e   t e s t  model using  rougheners 

(sandpaper). Boundary layer  surveys on t h e  test  model i n d i c a t e   t h a t  a rela- 

t i v e l y   t h i c k  boundary l aye r  ( 6  = 6 t o  18 mu) is  formed on t h e  model. 
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The  model i t se l f  is 0,275 . x  0.9 m a n d . f l o a t s  on a dr;ig balance  (see  f ig .   15) .  

The facing  plates   smoothly  fan  the,f low  onto  the test a rea .  When r i g i d   p l a t e  

measurements are made t h e  whole surface area is  ava i lab le .  However, t h e  

compliant  section  on  which  measurements are made spans  only a 0.175 x 0.4 m 
area in  order  to  avoid  nonuniformities  of  f low  around  the  side walls. The 

adjustable  backplate  provides a f a c i l i t y   f o r   a d j u s t i n g   t h e   c a v i t y   d e p t h  which 

can   be   f i l l ed  by a foam or   wi th   any   f lu id .  When a backing  such as a i r  i s  

used,  the  back  pressure is control led  using a vacuum pump. The ove ra l l  

p ressure   g rad ien t   in   the  test  region is kept a t  a minimum.  However, t he re  

is a s l ight   pressure  gradient   of   the   order   of  1 to 5 N/m3 in the   . tunnel  test  

sec t ion .  The t o t a l   p r e s s u r e  on the   f l ow  s ide   f l uc tua te s   s l i gh t ly  from the  ambient, 
and the  tunnel  s ta t ic  pressure   d i f fe rs  from the  ambient  pressure as a small 

function  of  the  flow  speed  under  conditions  of  optimal  operation. While 

evaluat ing  the  response  of   s t ructures   under   f low we inc luded   th i s  small 

s ta t ic  p res su re   d i f f e ren t i a l   ac t ing  on t h e   s t r u c t u r e   i n   a d d i t i o n   t o   t h e  

e x i s t i n g   f o r c e   f i e l d s .  

The  vacuum sec t ion  chamber i n   t h e  model ( f i g .  15) i s  used to   pu t   t ens ion  

on the  compliant wall. The widths   of   the   cavi ty   of   the   suct ion chamber a r e  

adjusted  in   such a way tha t   t he   t ens ion  i s  uni form.   This   g ives   the   ra t io  

of the   cav i ty   wid ths   in  x and y d i r ec t ions  as 

(see Appendix B) in   o rder   to   ob ta in   un i form  tens ion   of   the  membrane. By 

d i rec t ly   observ ing   the   cen ter   def lec t ion   of   the  membrane i n   t h e   c a v i t y  on 

any s i d e  and no t i c ing   t he   p re s su re   d i f f e ren t i a l ,  one  can  direct ly   evaluate  

t h e   t e n s i o n   i n   t h e  membrane knowing the   p roper t ies   o f   the  membrane. 

F ina l ly ,   d i rec t   ca l ibra t ion   can   be  made between the   t ens ion   i n   t he  mem- 

brane  and  the vacuum pressure  provided  that   the  properties  of  the  compliant 

membrane a r e   f u l l y  known. 

In   f igure  16 we show the  observed  surface  motion  using a schlieren  system 

for   t ak ing  area photographs. The sur face  i s  a membrane over a narrow a i r  

gap. The da rk   spo t s   i n   t he   p i c tu re   co r re spond   t o   po in t s  where the  membrane 
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Figure 16. Area photograph of the  response of a membrane 
over a narrow air gap;  backing  surface is 
10 PPI foam. 
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touches  the  10 PPI foam sur face  after the  excursion  through  the narrow a i r  

gap. The arrows  indicate   the  direct ion  of   f low.  The t e n s i o n   i n   t h e  membrane 

is low. 

In   f igure   17  we show the   su r f ace  motion as a function  of time a t  a point  

on the   sur face  as seen   i n   t he   o sc i l l o scope .  Each d i v i s i o n   i n   t h e   s c r e e n  
corresponds  to  5 mil l iseconds  ( in   the x d i rec t ion)  and i n   t h e   o r d i n a t e  

1 divis ion  corresponds  to   0 .1   vol ts   of   photodetector   output   for   the  bot tom 

p ic tu re  and  0.01 v o l t s   f o r   t h e   t o p  one. The output  of  the  photodetector i s  
d i r ec t ly   p ropor t iona l   t o   t he  maximum angles of the  surface  motion and has 

been  calibrated  already. 

From f igu re  17 we l ea rn   t ha t   t he   su r f ace  motion  of  the membrane over  the 

narrow a i r  gap is high  frequency  (between 400 Hz and 2 KHz) and  has  ampli- 

tudes  of 2 t o  3 urns. 

In   f igure  18 we show the  area  photograph  of a "dulcimer"  model. The 

model consis ts   of  a membrane s i t t i n g  on per iodical ly   support ing  s t r ings.   There 

i s  a separation  between  the membrane and t h e   s t r i n g s ,  and  during  surface 

o s c i l l a t i o n   t h e  membrane s l aps  on the   s t r i ngs .  The dark  lines  correspond 
t o   t h e   s t r i n g s   i n   c o n t a c t   w i t h   t h e  membrane.  The s t r ings   a r e   kep t   i n   t ens ion .  

The motion 

quencies. 

t ime  scale  

Again, t he  

Using 

of t h i s   s u r f a c e  i s  again small wavelength  and a t  moderate  fre- 

Figure  19 shows the  motion  of a point   wi th  respect   to   t ime.  The 

i s  20 mil l iseconds/divis ion.  The flow  speed i s  Urn = 48 m/sec. 

surface  amplitudes  are  only  about 5 pms ( 1   v o l t z 2 . 5  pm). 

the   theore t ica l   ana lyses   in   the   p receding   sec t ion ,  we a l so  con- 

ducted some experiments where the wall was made t o  f l u t t e r .  (The spacings 

between  supports  were  designed t o  be  such  that low frequency  f lutter  occurred.)  
One of  the  chief  problems  in  these  experiments was ad jus t ing   t he   p re s su re   i n  

t h e  back chamber continually  while  the  experiment was going  on, i n   o r d e r   t o  

suppress  the  panel  divergence. 

The  models  were tes ted   for   d rag   reduct ion   too .   In  most of these  compli- 

ant  experiments  there was l i t t l e   d r a g  change. The observed  motions  did  not 

suggest   that   the   surface  motion was in   t he   r ange  of parameters  suggested by 

the  Bushnell mechanism either.  Further  compliant  experiments  where  compli- 

ant  motions  suggested by the  Bushnell mechanism can  be  produced  (active walls/ 

passive  wal ls)  are underway. 
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Figure 17.  Surface  motion  of a point   on  the membrane over 
narrow a i r  gap as function  of  time. 
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Figure 18. Area photograph of  the  surface  motion  of a 
model. 
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Figure 19. Surface  response with time  for  the dulcimer model. 
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CONCLUSIONS 

, Theoretical  analyses  for  common  compliant  wall  geometries  are  presented. 
Analyses  of  surface  motion  for  the  compliant  experiments  indicate  that  the 
original  Kramer  experiments  conducted  in  water  could  have  interrupted  the 
turbulent  burst  mechanism  and  produced  the  drag  reduction.  Membranes  over 
thin  air  gaps  can  also  be  used  to  produce  the  small  wavelength,  large  fre- 
quency  motion  required  for  air  experiments.  It is possible  that  in  some 
laminated  surface  compliant  wall  experiments,  delamination  of  the  structure 
occurred  and  thereby  created  a  narrow  air  gap  situation;  thus  the  observed 
drag  reduction  in  the  experiment  of  Walters  (ref. 4) and  the  Langley  experi- 
ment  (ref. 5). The  membranes over'large air  gaps  do  not  show  any  promise 
at  all.  The llobservedll drag  reduction  reported  in  reference 3 can  be  due  to 
other  effects,  as  suggested  in  reference 17. It seems  rather  difficult  to 
obtain  using  passive  walls the desired  surface  motion  for  most  low  speed  and 
transonic  speed  experiments  in  air.  Thus  it  may  well be worthwhile  to  use 
active  walls,  i.e.,  walls  where  the  motion  is  driven  onto  the  surface  for' 
compliant  experiments.  Finally,  there  is  a  clear  need  to  understand  the 
entire  fabric  of  fluid  structural  interaction,  and  this  can  only  be  achieved 
by  bringing  in  and  coalescing  structural  expertise  with  the  fluid  mechanics 
of  turbulence. We believe  that  this  report  goes  as  far  as  making  a  first 
tentative  step  in  the  right  direction  toward  such  a  goal. 
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APPENDIX A 

FILM MATERIAL TESTS 

BY 

Todd  Hodgesl 

INTRODUCTION 

Tests have  been  completed on e ight  materials i n  f i l m  form to   suppor t   the  

compliant   skin  drag  reduct ion  project   in   the  Fluid Mechanics  Branch. The 

Fluid Mechanics  Branch was i n t e r e s t e d   i n   t h e   e l a s t i c  modulus of   the   mater ia l s  

they were u s i n g   i n   t h e i r  wind tunnel  models. 

TEST  EQUIPMENT AND MATERIALS 

Tests were  conducted on t h e   t e n s i l e   t e s t i n g  machine loca ted   i n  room 003 of 

bui lding 1293A.  The C range  load  cel l  was used. Depending on the  mater ia l  

being  tested,   the  full   scale  ranges  used  were 4 . 5  N ,  9N and 22 N (1   lb ,  2 l b ,  

and 5' l b ) .  Accuracy  of  the  load  cell is equal   to ,  or exceeds,  0.25  percent of 
the   range  in   use or 0.50 percent o f  the  indicated  load,  whichever is grea te r .  
The amplif ier  and recorder  accuracy is  within 0.50 percent o f  f u l l  scale range. 

A i r  g r ip s  were  used to   hold  the  tes t   specimens.   Test  gage length w a s  

75 uun ( 3  i n . ) ,  and  specimen  width w a s  12.5 mm (1 /2   in . ) .  Fi lm thickness 

w a s  measured by a power-driven f i l m  micrometer. 

The t e s t  specimens were mounted  and pul led a t  a constant  crosshead  speed 

of  12.5 mm/min. The t e n s i l e  modulus (E) w a s  calculated  according  to   the 
attached  equation  derivation  with  an  electronic  calculator.   Five  samples 

were  used on each tes t  run except for the   l a tex   rubber ,  where  only  three 

samples  survived  the f i l m  c u t t e r .  

Research  Associate,   Virginia  Polytechnic  Insti tute and State   Universi ty ,  
Blacksburg, VA. 
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DISCUSSION 

The following modulus values were  measured on the  e ight   systems:  

1. Ethylene  vinyl-   acetate  copolymer  (Alathon) ( t e s t ed   i n   t he   l ong i tud -  

i n a l   d i r e c t i o n ) .  E = 138 x l o 8  N/m2 with a high o f  1.42 x l o 8  N/m2 

and a low of 13.7 x l o 8  N/m2. This  material  showed  good cons is tency   in  

thickness  and  modulus. 

average 

2. Alathon  ( tes ted  in   the  t ransverse  direct ion) .  Eaverage = 107 x l o8  
N/m2 with a high  of 114 x l o8  N/m2 and a low of  9.04 x lo7 N/m2, a l s o  showed 

good consistency i n  thickness   but   not  as good i n  modulus. 

3. Latex  rubber, Eaverage = 2.04 x l o 6  N/m2,  high  2.16 x l o 6  N/m2 low 

1.88 x lo6 N/m2. Lowest modulus of  a l l  t he  materials. We were  able   to   salvage 

t h r e e   t e s t  samples  from the  f i lm-cut t ing  device.  

4. Aluminized  kapton, Eaverage = 2.87 x l o 9  N/m2, high  3.23 x lo9 N/m2 

low = 2.69 x lo9 N/m2. Modulus consistency was not good. 

5.  Aluminized P.V.C,  Eaverage = 2.5 x lo9 N/m2 high  2.87 x l o 9  N/m2 low 

2.04 x l o 9  N/m2. Thickness  and  modulus va r i a t ion  were  high. 

6. P .V.C. ,  Eaverage = 2.3 x lo8 N/m2 high  2.55 x lo8 N/m2 low 1.95 x l o 8  
N/m2. Thickness  and modulus va r i a t ion  were  high. 

7. Polyethylene, E = 15 x l o 8  N/m2 high  1.57 x l o8  N/m2 low = 1.44 x average 
l o 8  N/m2. Thickness and modulus consistency were  good. 

8.  Aluminized  mylar, Eaverage = 3 . 1 1  x lo9 N/m2 high  3.7 x l o 9  N/m2 low 

2.53 x l o 9  N/m2. Thickness and  modulus consistency were not good. 

The aluminized films genera l ly  showed less   cons is tency   in   th ickness  and 

modulus than  plain films. Thic could  be due to   the   coa t ing   technique   they  

use and i t s  e f f e c t  on the   subs t r a t e  f i l m .  

Ranking the   ma te r i a l s   i n   o rde r   o f  modulus we have: 

1. Latex  rubber: Eav = 2.04 x lo6 N/m2 (296 p s i )  

2. Alathon  (transverse) : Eav = 107 x l o 8  N/m2 (15500 p s i )  

3. Alathon  ( longitudinal)  : Eav = 138 x lo8 N/m2 (20000 p s i )  

4.  Polyethylene: Eav = 15 x l o 8  N/m2 (21700 p s i )  
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5. P . V . C . :  Eav = 2.3 x lo8 N/m2 (33400 psi) 
6. Aluminized P . V . C . :  Eav = 2.5 x lo9 N/m2 (3.6 x lo5 psi) 
7. Aluminized  kapton: Eav = 2.87 x lo9 N/m2 (4.16 x lo5 psi) 
8. Aluminized mylar: E, = 3.11 x lo9 N/m2 (4.51 x lo5 psi) 
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APPENDIX B 

VACUUM SUCTION TECHNIQUE FOR TENSIONING COMPLIANT MEMBRANES 

In t h i s   s e c t i o n  we s h a l l   b r i e f l y   d i s c u s s   t h e  vacuum suction  technique 

fo r   t ens ion ing the   compl i an t  membranes.  The cross   sect ion  of   the vacuum 

suct ion chamber is shown i n   f i g u r e  BI. The shaded area of cLx x L 3 is the 
Y 

D C 

I t RY 1 
SUCTION 
CHAMBER 

R I 
A B 

Figure B 1 .  

working  area  of  the model  on which a uniform  tension  needs t o  be  applied.   In 

order   to   apply  uniform  tension  in   the working model the  width of t he   cav i t i e s  

E,, gy have t o  be   r e l a t ed   i n  some fashion  to  the  dimensions L L x’ y‘ 

I n i t i a l l y   t h e  membrane i s  t aped   t o   t he   s ides  ABCD with  care  such  that  

there  is l i t t l e  tension  on  the membrane.  The suct ion chamber pressure is a t  
ambient  pressure  during  this time. Now the  chamber pressure is ad jus ted   to  

be  lower  than  the  ambient  pressure by a magnitude Ap. The def lect ions  of  

t he  membrane a t  the  center  of  the  channels w l r  wp are   noted.  

In   f i gu re  B2 we indicate   schematical ly  what happens t o  a c ross   sec t ion  

of  the membrane. For the  simply  supported membrane of  length  and  width 

cLY 
+ 2~ ) where t h e   r a t i o  << 1 we can  approximate  the  governing 

Y 
equation as: 
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1 1 

Figure B2. 

w ( 0 )  = w(Rx) = 0 

As s w i n g  

w = wm s i n  - mrx 
R X  

one o b t a i n s   f o r  ..W a f t e r   s u b s t i t u t i n g   i n   e q u a t i o n  (B-1) m'  

Thus a l l  odd modes a r e   p r e s e n t   i n   t h e   s o l u t i o n  and 

m 4Ap R: 
w1 = w s i n - = -  mrx 

m = l  m 'X r 3 T  m=1,3,5.. .m (sin y) 1 m3 

= (0.125) (2) Ap 
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Similarly,  

Thus 

NOW, t h e   s t r e t c h i n g   t h a t  t h e  membrane undergoes i n  t he   cav i ty  11, i s  con- 

t r i b u t e d  by the   s t r e t ch ing   o f   t he  membrane i n  t h e  working area .  The s t r e t c h -  

i n g   i n   t h e   c a v i t y  Ex i s  given  by 

= 0.0417A; (s) 
The s t r e t c h i n g  A& is assumed t o  be  caused  by a uniform  loading P pe r   un i t  
width  appl ied  to   the membrane of  t he  working area of  t h e  model, i n  which case 

PL 

Eh 
:x - 2 

A!& = 0.0417Ap " 
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or 

0.0417 

Similarly the loading P1 on the end in the y direction is 

(B-10) 

(B-11) 

which is as given in equation (72). 
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APPENDIX  C 

CODE FOR ANALYZING  MEMBRANE WITH BACKING, 

OR WITH CAVITIES BEHIND IT 

59 





C O M P L E X   D U q   X 2  * X 3  

D I M E N S l O N  A K ( 7 5 * 2 4 ) r A F A C T ( 7 5 i r S F A C T ( 2 4 )  

D I M E N S I O N   O M C ( 7 5 * 2 4 ) r C M 1 ( 7 5 * 2 4 )  

D I M E N S I O N  F F ( 8 0 )  

~ * + + + . * ) t . * * * * t * * * + + * * * * * + + * . I F * * * + * * * + * 4 ~ - t X * ~ X . , 9 * * ) ( . * * * K . * + * * * * * * * * * + C ~ * * * ~ ~ * i F * X ~ ~ * * ~ * * + + * t X  

C 

C 

C 

C T H I S  P R O G R A M   E V A L U A T E S   T H E   R E L i P O N S E   O F   A   M E M B R A N E   W I T H   D E E P  

1 C A V I T Y ( A 1 R ) -  A M E M B R A N E   W I T H   W A T E R   B A C K I N G -   A N D   A M E M B R A N E  

2 ON E L A S T I C   F O U N D A T I O N  

1 C A V I T Y ( A 1 R ) r   A M E B R A N E  

C BULL-S SPECTRUM IS U S E D   T O   O 8 T A I N   T H E   E X C I T A T I O N   F ; E L D  

C * *   I N D U C E D   A E R O D Y N A M I C   E F F E C T S   U S I N G   P I S T O N   T H E O R Y .  

C * *   E F F E C T S  OF B A C K I N G   U S I N G   P O T E N T I A L  FLOW THEORY. 

C**   THEOQET I C A L  MODEL U S E S   L I N E A R   T H E O R Y  

C * *   P R O P E R   V A L U E S   O F   D A M P I N G   I N C L U D E D   U S I N G   L A B   E S T I M A T E S  

C  OUTPUT-"FREQUENCY * M E A N   S Q I J A R E   F O R C I N G   F U N C T   I O N   9 M E A N  SO 
rn 
F 1 \.JAR€ R E S P O N S E   F ~ J N C T I O N I   M E A N S U A R E   A M P L I T U D E .  

c A L L   D A T A   T O  BE I N  I N - L B - S E C   L ' N I T S  

I 



C 

C 



OMC(LrN)=CO*SQRT(AKl) 

AK CL cN 1 =AK I 

5 CONTINUE 

DO 6 L=lr75*2 

OMCUT=OMC(lrl)-5e 

6 AFACT (L  ) = I  

DO 7 Ls2-7492 

7 AFACT ( L  ) = - I  a 0  

DO 8 Nzlr24r2 

8 BFACT(N)=I * O  

DO 9 NZ2r24r2 

9 DFACT(N)=-l 10 

WRITE(NWr8OI )U 

801 FORMAT(//20X*F15a6) 

DSTl=DSTAR 

Q=Oe5*RHOI*U**2 

CONST=Q**E*DSTI/U*1a 

CONST1=0e0064516 

CON1  =DSTl/U 

UC=O e8*U 

w=oao 



JK =O 

DOM=la08OM2=2.*PI*DOM 

OMEG=O*05/CONl 

E E l = E X P ( O ~ l ) b E E 2 = E X P I O . 0 2 3 5 ) A E E 3 = E X P ( O ~ 4 0 ~  

DO 2 J=lr5 

OM3=OM2 

OM2=OM3*10. 

DO 3I=1 r 9 0  

JK=JKtl 

A I = I  

O M l = O M 3 * ( 1 ~ + A 1 / 1 0 ~ )  

OML=O*l*OM3 

F=OM1/2m/PI 

O M C 1 = 2 5 0 ~ * l ~ / C O N 1 * 2 ~ + P I  

OMCC=OMCl/iO. 

IF(OMl.GT*OMCC)GO TO 28 

IF(OMl*GT*OMCl) GO TO 31 

IF(OMl*LE.OMEG)GO  TO 23 

A T O M = 8 *  *OM1  *CON1 

TWOM=E *OM1  *CON1 

FRACOM=O~47YOMI*CONl 

I F ( A Y O t 4 - 1 2 .  )12e13r13 

12 E I = I  */EXP(ATOM) 



GO TO 1 4  

1 4   C O N T I N U E  

1 5   E 2 = 1   . / E X P ( T W O M )  

GO T O  17 

16 E2=0.0, 

17 C O N T l N U E  

I F ( F R A C O M - 1 2 . ) 1 8 r l 9 ~ 1 9  

20 CONT I KIJE 

GO T O  2 2  

GO T O  22 

31 E=O.O 

GO T O  22 

23 E=(OMl/OMEG)**4*(3.7/EE1-3*4/EE3+08EE2) 

22 CONT  1,NUE 

VI FORE=CONST*E 
o\ 





AI< I=AK. (LvN) -OMN 

I F ( O M l * L T * O M C l J T ) G O  1'0 93 

CT=COS ( AK2 ) / S  I'N ( A K 2  ) 

X l = - ( E M I + R H 0 2 * H * C T / A K Z ) w O M l u + 2 + A K o + T + R H O 2 * G  

X5=ETAl+OMl**2*RHOl*H*le/AK2 

XE=CMPLX X 1 X 5  ) 

GO T O  97 

X 1   = X 1   t A K F  

X 2 = C M P L X ( X 1   r E T A l  ) 

97 C O N T I N U E  

CMI ( L r N ) = C A B S ( X 3 / X 2 )  

D U = X 3 / X 2 + D U  
o\ 

92 CONTINUE 

10 CONTINUE 



I 

._ 

C GIVE EMl=EMl*10.**78RHOS =RH0*144.**2 

DATA TO BE FED ARE LENGTH O F  MODEL(A)*WIDTH O F  MODEL(B)rTENSION O F  MEMURANE(T)  

MASS OF MEMBRANE(EMl)*DAMPING(VISCOUS) COEFFICIENT(ETA)rBOUNDoLAYER THKNSS(DEL1) 

~ R E F O V E L ( U R E F ) I V E L O C I T Y ( U ) I D E N ! ~ I T Y  FLDl (Rt-lOl )tDENSoFLD2(RHO2)HT O F  CAVITY(H1 

FORMAT  NUMBER IS 101 98F10.4 

26.0 8.0 0.02 

0.00234 1 9379 0 * ! i  

1.1 0 00002 006 63600 ' 63600 

50 e 0  18.0 1 .O 1.1 0.0002 1 m6063 131 8.9 1318.9 



50 .O 18.0 I .O 

0.00234 O o O ( ’ 2 3 4  0.00 

1 0 666666 

1.1 



.. . .. .. _.. . - . -. " ._  ._ . 



APPENDIX D 

CODE  FOR ANALYZING PERIODIC  STRUCTURE  RESPONSE 

71 





PROGRAM KRAMER( INPUTIOUTPUTITAPE~=INPUTITAPE~=OUTPUTITAPE~)  

~ ~ ~ * * + * ~ ~ * ~ * * * ~ ~ ~ H - Y * * ~ * ~ ~ ~ * + * ) i * ~ * ~ ~ * * ~ ~ * ~ * * * * * ~ * * * % J ; * ~ * t - r l ~ * * + ~ * C * i C - X . " S i - k * ~ + * * * * * * * + ) ; - . Y * ~  

C** 

C T H I S  P R O G R A M   E V A L U A T E S   T H E   M E A N   S Q U A R E   R E S P O N S E  O F  A KRAMER 

1 P E R I O D I C   S L I R F A C E .   T H E  SLJRk-ACti 1 5 1  A R U U H L R   D I A P H R A G M  5:lT"I'ORTED 

2 P E R I O D I C A L L Y ( 8 U   M I L   A P A R T )  BY R U B B E R   S T U R S   A N D   F I L L E D   W I T H U U A T E R .  

C* *  I N D U C E D   A E R O D Y N A M I C   E F F E C T S   U S I N G   P I S T O N   T H E O R Y .  

C**  E F F E C T S  OF B A C K I N G   U S I N G   P O T E N T I A L   F L O W   T H E O R Y .  

C** T H E O R E T I C A L   M O D E L  USES L I N E A R   T H E O R Y  

C** PROPER V A L U E S   O F   D A M P I N G  1 N C L U D E D   U S  I N G   L . A B   E S T I M A T E S  

C A N A L Y S I S  --SEE S E C T I O N  6. 

C A L L   U N I T S   L B - S E C - F T  

c BULLb SPECTRUM FOR E X C l r l N G   F I E L O  

C+* 

C * * + * * + + * * * * * ~ * * R * + * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * * * * * * ~ ~ * * * ~ * * * * * * * * * * *  

D I M E N S I O N   A t 2 1  ) * B ( 2 1  ) * C ( 2 1   ) * D ( 2 1  ) * l J ( 2 1  1 9  F O R E ( 1 2 0 ~ C ) * W ( 1 5 ) *  

l A S U M ( l 5 I  

D I M E N S I O N  GF. (21  1 r F ( 2 1  1 

D I M E N S I O N   H E F ( 2 1 )  

NR=SSNW=6 

C DATA 

-I 
w H ~ ~ ~ ~ ~ ~ ~ R H O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . B V = ~ ~ ~ . B E T A ~ O ~ O O ~ ~ E ~ ~ O ~ O D ~ E M ~ ~ ~ D ~ ~ A N U ~ ~ D ~ ~  



101 CONTINUE 

C MAJOR  LOOP FOR INCRENENT O F  OM 

J J = O ~ E E ~ = E X P ( ~ . ~ ~ ) ~ E E ~ = E X P ( O . ~ ~ ~ ~ ) ~ E E ~ = E X P ~ O O ~ O )  



C DO 2 JK=I 96 

OM3=OM280M2=OM3*100 

C DO 1 JL=l 990 

DO 1 J L = 1 ~ 2 0 0 O O  

AJ=JL 

OM1=OM3+(1o+AJ/lOo) 

FF=OMl/TPI 

JJ=JJ+l 

UC=OoB*U 

IF(OM1mLEmOMEG)GO T O  23 

IFfOMl  mGEoOMC1  )GO TO 51 1 

IF(OM1  oGTm0MCC)GO  TO 513 

ATOM=8oO*OMl*CONl 

TWOM=2o*OMI*CONl 

FRACOM=Oa47*0Ml*CONI 

12 El=l~/EXP(ATUM) 

GO TO 14 

14 CONT I NUE 

GO TO 17 



16 E2Z0.0 

17 CONTINUE 

IF (FRACOM-60 a I 16 1 19- 19 

18 E 3 = 1 e / E X P L F R A C O M )  

GO TO 20 

1 9  E 3 = O a  

20 CONTINUE 

E=~2,3.7+n.8*E3-3.4*El 

GO T O  22 

5 1 1  E=3*18/225.  

U C  =O 39*U 

GO T O  2 2  

513 STOP 

23 E=3.7/EE1+0.8/EE2-3.4/EE3 

E = E * ( O M l / O M E G ) * * 4  

22 CONTINUE 

F O R E ( J J ~ = Q l * E * O ~ 0 0 0 0 1  

A K I = ( O M I / C @ ) * * 2 9 A M U = ~ M l / ~ / C * ~ f ~ ~ T A I = ~ T A l * O M ~  

M = - I l B S U M = O a S S U M 1 = 0 ~  

DO.30 M l = l  9 2 1  

M = M I  - 1  1 

P.M 1 =M 

A M L =  ( AMU+AM 1 3-TP I ) / H  



AK=AML**2-AK1 

A ( M 1  ) = D l * A M L * * 4 + G l - O M I * * 2 * E M l g B ( M I  ) = E T A 1  

I F ( A R S ( A K ) e L E e E P S ) G O  TO 40 

I F ( A K - E P S ) 3 9 t 4 0 * 4 1  

40 IJ(MI ) = 1  

GO TO 4 7  

39 CONTINUE 

I J ( M l ) = O  

AK=-AK 

A K = S Q R T ( A K )  

SK=AK*H 

S l = S I N ( S K ) 8 C l = C O S ( S K )  

IF(SIeEQ.0) GO TO 901 

A ( M l ) = A ( M I  )+RHO*Al*Cl/S1/AK+OMl**2~6(M1 ) = B ( M l ) + R H O * A l / A K * O M l * ~ ~ 2  

GO T O  902 

901 I J ( M 1  ) = 1  

902 CONTINUE 

4 1  

4 
4 

GO TO 4 7  

I J f M l  ) = o  

AK=SORT ( AK ) 

SK=AK+E.*H 

SK 1 =EXP (SK 1 

C T H = ( S K l + l ~ ) / ( S K l - l ~ )  





92 CONTINUE 

W R I T E ~ N W * 2 0 ~ ~ F F ~ A ~ U M ~ 4 ~ r C E ~ l l ~ * G E ~ l 2 ~ r G E ~ l O ~ ~ H E F ~ l l ) ~ H E F ~ l 2 ~ * H E F ~ l  

lO)tW(4)rFORE(JJ) 

603 FORMAT(/SOXg*IM*) 

209 F O R M A T (  1x1 1 OE12.5 1 

208 FORMAT(//5X*IOE12*6) 

I C O N T  I NlJE 

2 CONTINUE 

201 FORMAT(lX*7E16.7) 

STOP 

END 
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APPENDIX E 

CODE FOR ANALYZING MEMBRANE UNDER NARROW A I R  GAP 
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J O B ~ l t 2 5 0 0 r 7 7 0 0 0 ~ 3 0 0 O O e   A 4 6 7 7   R 4 6 2 3  

R U N  (S ) 

R E Q U E S T   T A P E  1 * I i Y  a S A V T P  1 R I L * !?St3 9 TM2O a 

R E W I N D ( T A P E 1  1 

1 0 0 7 1  8 E3 I N.74 

- 

c 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

PROGRAM M E M G A P ( I N P U T I O U T P ~ J T I T A P E S = I N P U T I T A P E ~ = O U T ~ ~ J T ~ T A P ~ ~ )  

D I M E N S I O N  W ( 5 1  1 5 1  ) * W O ( 5 1  q " i 1  ) q W N ( 5 1  151 ) * P ( c i l  - 5 1  ) cLU(101 ) 

T Z T E N S I O N  (LBF/IN) 

RHO=MEMBRANE  DEbJS 1 T Y   ( L R M / C l J  O F T  ) 

E=SURSTRATE  MODUL lJS  OF E L A S T  IC I T Y  ( P S I  

D = S o n S T R A T E   D E P T H  ( I N )  

GAP=CAP  RFTWEEN  MFMHRANF: A N D  SUI.FiTRATF.' ( I N )  

H = M E M B R A N E   T H I C K N E S S  ( I N 1 

B = D A M P I N G   C O E F F I C I E N T   ( L H F - S E C / C U e F T )  

D X = E L E M E N T  S I Z E  ( I N )  

N I  =NUMBER  OF  NODES I N  X-[>I  R E C T I  O N  

N J z N U M B E R  OF NODES TN. Y-111 R E C T I  ON 

NT=NIJMHER 9F T I M E   S T E P S - - D T T = I I X / C  bJHFIRE C 1s \H,/\VC .SP['I-.i> 

GM IS T I M E   S T E P   C Q N T H O L - - -   D T = D X / ( C * G M )  

T =  1 

QHO=R7 

F=10 

D=n.25 
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01 
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